Reed lignocellulose was subjected to a steam explosion pretreatment to obtain a high conversion rate of sugar after subsequent enzymatic hydrolysis using a commercial cellulase mixture. Under conditions of differing temperature (200 C, 220 C and 240 C) and residence time (2, 5, and 8 min), the effect of the pretreatment on the sugar yield from enzymatic hydrolysis was studied. The highest respective reducing sugar and glucose yields were 36.14% and 15.35% after 60-h enzymatic hydrolysis of reed straw that had been pretreated with a steam explosion at 220 C for 5 min. Fourier transform infrared spectrophotometry (FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used in this study to comprehensively investigate the steam explosion-induced changes in the organizational structure and morphological properties of reed straw to analyze the reason for the increased sugar yield from enzymatic hydrolysis after the steam explosion.
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Lignocellulose biomass is the most abundant and cheapest renewable biomass, its annual production having been estimated to be 1 Â 10 10 Mt worldwide.
1)
The application of lignocellulose biomass as the raw material in the production of ethanol has received close attention in recent years from scholars and entrepreneurs. 2, 3) This new approach to ethanol production can contribute to alleviating the current restrained use of resources and environmental pollution, and thus has important economic and social significance for the sustainable development of human society. 4) Reed is a tall perennial grass that grows naturally in quiet waters of lakes and sloughs, marshy areas and ditches. Its unique physical characteristics endow reed with strong adaptability and wide ecological applications in China. Reed has substantial growth from the east coast to the west inland lakes and from the south subtropics to the north temperate-frigid zone, and enormous production in many provinces, including Xinjiang, Hunan, Liaoning, Inner Mongolia, Heilongjiang, Jilin, Hebei, and Jiangsu, its total production being estimated as about 2 Â 10 6 tons per year in China. Given the abundant sources and low price of reed, the production of fuel ethanol by using reed straw is showing good prospects as a biological energy resource.
Enzymatic hydrolysis is an important step in the production of ethanol. Due to its insolubility in water and most organic solvents, and the presence of intricate intermolecular arrangements of lignin, hemicellulose and cellulose, the saccharification efficiency of lignocellulose is generally low and has high energy consumption during processing, 5, 6) this being the key factor constraining saccharification in the process of ethanol production. A pretreatment is therefore necessary for disrupting the hydrogen bonds in crystalline cellulose and the covalent cross-linkages in the lignin structure to enhance the fiber accessibility and consequently facilitate the subsequent steps of enzymatic hydrolysis and fermentation.
7) The principal methods used for pretreating lignocellulose are hydrothermal, steam explosion, acid and alkali, radiation, ammonia, and ionic liquid pretreatments, as well as biological methods and their combinations. [8] [9] [10] [11] [12] [13] [14] [15] A hydrothermal pretreatment involves the use of water in liquid, vapor or both forms and heat to pretreat biomass (160-240 C for 10 to 30 min), although the large amount of water used would result in high energy cost. A steam explosion pretreatment is a hydrothermal technique that heats biomass in a few minutes with high-pressure steam without any added chemicals.
16) The steam explosion technique has been widely used to pretreat lignocellulose biomass because of advantages in its short time, energy saving and low pollution, as well as its high enzymatic hydrolysis efficiency. 17, 18) However, there is little information available on the effects of a steam explosion pretreatment on the sugar production and on the * These authors contributed equally to this work.
y To whom correspondence should be addressed. Hunan Provincial Key Laboratory of Crop Germplasm Innovation and Utilization, Hunan Agricultural University, Changsha 410128, China; Fax: +86-0731-84673765; E-mail: xiongxy@hunau.net structure and morphology of herbaceous lignocellulosic biomass. [19] [20] [21] Using reed straw as the raw material, this study investigated the effect of a steam explosion pretreatment under different conditions on the enzymatic hydrolysis of reed straw to identify the optimum conditions for maximum sugar yield. Fourier transform infrared spectrophotometry (FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM) were applied to investigate the steam explosion-induced changes in the organizational structure and morphology of reed straw and to identify the reason for the increased sugar yield from enzymatic hydrolysis after the steam explosion treatment. The results of this study provide scientific evidence for future comprehensive utilization of reed straw.
Materials and Methods
Materials and preparation. Reed (Phragmites communis Trin) straw was collected at the beginning of the flowering stage in the summer from the banks of the Liuyang River in Hunan Province of China. The reed straw was air-dried at room temperature to an equilibrium moisture content of about 10%, before being cut into small sections and screened to attain stalks with an average length of 3-4 cm for the steam explosion pretreatment. A commercial cellulolytic enzyme was purchased from Wuxi Xuemei Enzyme Preparation Technology Co. (China). This cellulase mixture from Trichoderma reesei was composed of endoglucanase, cellobiohydrolase and -glucosidases, the activity of the enzyme being 40000 U/g according to the manufacturer's specifications. Arabinose, galactose, glucose, xylose, mannose, and cellobiose were purchased from Sigma (St. Louis, MO, USA), all other reagents being of analytical grade.
Steam explosion pretreatment. The QB-80 apparatus for the steam explosion (Hebi Zhengdao Heavy Machine Factory, China) consisted of a steam generator, high-pressure reactor, receiver, and condenser with a silencing device. The steam pretreatment of reed straw was carried out in a 2-L reaction vessel. The reactor was charged with 200 g (dry matter) of feedstock per batch and quickly heated to the desired temperature (the heating time was less than 15 s). The selected temperatures according to previous tests on other lignocelluloses biomass 22, 23) were 200 C, 220 C and 240 C, and the selected residence times of the saturated steam were for 2, 5, and 8 min. Once the desired residence time and temperature had been reached, the steam pressure was transiently discharged from a steam gun. Each experiment was performed in duplicate. After the exploded straw had been recovered and dried at 80 C for 24 h in a constant-temperature oven, and the dried material was ground to pass through a 40-mesh screen, and then stored in sealed flasks at room temperature for a composition analysis and enzymatic hydrolysis.
Enzymatic hydrolysis. The reed straw was enzymatically hydrolyzed in a sodium acetate buffer (0.05 M at pH 4.8) with 2% substrate loading. The enzyme loading of cellulase was 200 U per 1 g of substrate. All hydrolysis runs were performed in duplicate in 150-mL screw-topped flasks on a shaker at 150 rpm and 50 C for 60 h. Samples were periodically taken and analyzed for the reducing sugars. The enzymatic hydrolysate was deactivated in a 100 C water bath for 15 min, and then filtered and properly diluted to analyze the reducing sugars and sugar compounds. The enzymatic digestibility is defined by the yield of reducing sugar (YRS, %) and the yield of sugar compounds (YSC, %) which were calculated as follows:
where W RS is the weight of the reducing sugars produced by the enzymatic hydrolysis, W IS is the weight of the initial solid, and W SC is the weight of the sugar compounds (i.e., arabinose, galactose, glucose, xylose, mannose and cellobiose).
Composition analysis. The reed straw composition was determined according to the method described by Lin et al. 24) The analytical determination was performed in duplicate, and the average results are shown.
Determination of the reducing sugar. Each enzymatic hydrolysate was transferred to a 200-mL flask with Milli-Q water. The diluted sample was centrifuged at 6000 r/min for 10 min, and the supernatant was passed through filter paper. The reducing sugar was finally determined by the DNS (3,5-dinitrosalicylic acid) method. The analytical determination was performed in duplicate, and the average results are shown.
Determination of the sugar compounds. The sugar compounds (i.e., arabinose, galactose, glucose, xylose, mannose and cellobiose) produced by the enzymatic hydrolysis were determined by highperformance anion-exchange chromatography (HPAEC). A Dionex ICS-3000 ion chromatograph system was used throughout the detection experiment on the sugar compounds. Each enzymatic hydrolysate was transferred to a 200-mL flask with Milli-Q water. Each sample was further diluted prior to the analysis to bring the sample concentration into the linear range of the pulsed amperometric detector. The diluted sample was centrifuged at 6000 r/min for 10 min, and the supernatant was filtered through a nylon membrane with a pore size of 0.22 mm. The sample was finally injected into the column, all analytical determinations being performed in duplicate and the average results shown.
Ion chromatography was conducted in a CarboPac PA20 (150 mm Â 3 mm i.d., Dionex) anion-exchange column for sugar separation, with an AS40 autosampler, pulsed amperometric detector, Au electrode, Ag-AgCl reference electrode, and Chromeleon 6.7 software used to record and process the data. A chromatography oven was used at 30 C, the following chromatographic gradient being used for elution: 0-15 min, 3 mM NaOH; 15-20 min, 3-100 mM NaOH; 30-40 min, 100 mM NaOH-100 mM NaOAc; 40.1-42.1 min, 200 mM NaOH; 42.2-46 min, NaOH 3 mM. The flow rate was 0.50 mL/min, and the sample size was 10 mL.
FTIR spectroscopic analysis. The structure of the steam-exploded reed straw was monitored by using FT-IR (KBr-disk, 4000-400 cm À1 scope of scanning, WQF-310/410, American ANALECT). The composite films were ground into powder and dried under vacuum for 24 h before the FTIR measurement.
X-Ray diffraction analysis. The degree of crystallinity of the steamexploded reed straw was monitored by XRD (D/MAX-RB, Japanese Rigaku). The XRD patterns with Cu k radiation at 40 kV and 30 mA were recorded in the range of 2 ¼ 5{60
. The composite films were cut into powder for the XRD measurements.
The degree of crystallinity of lignocellulose biomass accounts for the relative amount of total crystalline cellulose in the solid component. The degree of crystallinity is strongly influenced by the relative composition of lignin, hemicellulose and cellulose in lignocellulose biomass. The degree of crystallinity was calculated as the relationship between the area under the crystalline peaks and noncrystalline region peaks by the following equation:
where Xc is the degree of crystallinity, and SEM analysis. The morphology of the steam-exploded reed straw was examined by SEM (JSM-6380LV, Japanese Electronics Corporation). Each sample was coated with a thin layer of gold in an automatic sputter coater before observation. The accelerating voltage was 5 kV, and images of the samples were acquired.
Results and Discussion
Effects of the steam explosion pretreatment on the biochemical composition of reed straw
The biochemical compositions of the untreated reed straw samples and the samples given the steam explosion pretreatment are presented in Table 1 . The percentages of cellulose, hemicellulose, and lignin were calculated on a dry weight basis. Untreated reed straw was composed of 39.9% cellulose, 28.1% hemicellulose and 16.5% lignin. The amount of cellulose was increased to a varying degree by the pretreatment under all conditions, ranging from the initial 39.9% content to 55.3% by pretreating at 220 C for 5 min. The cellulose in reed straw was partially degraded if the steam explosion temperature was too high and the exposure time was too long. For example, the 46.5% cellulose content after pretreating at 240 C for 8 min was lower than the highest cellulose content of 55.3% (220 C for 5 min). A large proportion of the hemicellulose fraction was removed by the steam explosion pretreatment process. The relative percentage of lignin in the samples was also slightly decreased by the steam explosion pretreatment. Both the minimum hemicellulose (5.8%) and lignin (10.5%) contents were obtained by pretreating at 240 C for 8 min. The results indicate that the severity of the pretreatment increased with increasing temperature and time.
Effects of the steam explosion pretreatment on the sugar production of reed straw by enzymatic hydrolysis
The steam explosion was performed at temperatures of 200 C, 220 C, and 240 C for exposure times of 2, 5, and 8 min. Table 2 shows the results for the enzymatic hydrolysis of reed straw after the steam explosion pretreatment under the different conditions. These different conditions for the steam explosion had significant effects on the yield of reducing sugars and sugar compounds by enzymatic hydrolysis. The untreated reed straw exhibited a reducing sugar yield of only 3.74%. However, the reed straw pretreated by the steam explosion at 220 C for 5 min showed the highest respective yields for reducing sugar and glucose of 36.14% and 15.35% after a 60-h enzymatic hydrolysis. Furthermore, the xylose yield was up to 8.90% with pretreatment at 220 C for 2 min, while the respective yields of glucose and xylose were low at 5.83% and 3.48% with a 200 C pretreatment for 2 min. The reducing sugar yield of the reed straw was also low with the steam explosion pretreatment at both 200 C and 220 C for 2 min. These results indicate that the reducing sugar yield was low with pretreatment at a low temperature for a short time, probably because the severity of the steam explosion was insufficient to fully change the structure and the degree of crystallinity of the reed straw which did not benefit the subsequent enzymatic hydrolysis. 25) The reducing sugar yields of reed straw after the steam explosion pretreatment at 220 C for 8 min and at 240 C for 2, 5 and 8 min were all lower than the yield after pretreating at 220 C for 5 min, while the reducing sugar yield with a steam explosion pretreatment at 240 C for 8 min was also as low as 24.93%, because the cellulose had been partly degraded and the hemicellulose had been fiercely removed by pretreating at the high temperature for a long time. Cellobiose resulted from enzymatic hydrolysis of the cellulose fraction, its production level being similar to that of glucose. Xylose, arabinose, mannose and galactose were all derived from the hemicellulose fraction. Arabinose was not detected in the enzymatic hydrolysate of the reed straw after a steam explosion at 
220
C for 8 min, 240 C for 5 min, or 240 C for 8 min. One possible explanation for this is that the hemicellulose fraction containing arabinose was sensitive to the severity of the steam explosion pretreatment, the removal of the hemicellulose fraction containing arabinose being enhanced with increasing steam explosion severity. Neither galactose and mannose were detected in the enzymatic hydrolysate of reed straw with a steam explosion pretreatment at 240 C for 8 min. A comparison of the reducing sugar yield curves after a 60-h enzyme hydrolysis for the untreated and steam explosion pretreated reed straw is shown in Fig. 1 . It is apparent that the enzymatic hydrolysis of reed straw pretreated with the steam explosion was much faster than that of the control sample of untreated reed straw. The reducing sugar yield of all the steam explosion pretreated reed straw samples after 48 h of enzyme hydrolysis was similar to the maximum value obtained after 60 h, the eventual reducing sugar yields of the pretreated samples all being higher than the control. The characteristics of reducing sugar production by enzymatic hydrolysis of the untreated reed straw were similar to those of the steam explosion pretreated reed straw, but to a lesser degree, the eventual reducing sugar yield after enzymatic hydrolysis for 60 h only being 3.74%.
Effects of the steam explosion pretreatment on the structural properties of reed straw FTIR analysis
The untreated and steam explosion pretreated reed straw samples were subjected to an FTIR analysis, and the changes in chemical structure were investigated. Figure 2A-K show similar FTIR spectra for both the pretreated and untreated reed straw samples, indicating that the main chemical structure of the reed straw had not been significantly changed, and that no new chemical structure or functional group in the reed straw had been generated by the steam explosion pretreatment. The main features of these FTIR spectra were attributable to the presence of cellulose, hemicellulose and lignin. The steam explosion pretreatment resulted in a small shift in the 900 cm À1 band in FTIR spectrum A corresponding to -glycosidic linkages between the glucose units in cellulose, 26) although the intensity was not obviously changed, indicating that any structural change in the cellulose during the steam explosion process had not been significant. Furthermore, the band at 1735 cm À1 in FTIR spectrum A represents the carboxyl group, which can be attributed to the particular peaks of hemicellulose, 27, 28) its characteristic position showing a shift toward 1696 cm À1 with pretreatment at 220 C for 5 and 8 min. The intensity of this peak for all the pretreated samples decreased by varying degree after the steam explosion pretreatment, indicating that the hemicellulose had been partly removed by the high temperature and high pressure pretreatment, this being due to the low degree of polymerization of hemicellulose. In addition, the particular peaks of lignin bands at 1604 cm À1 and 1632 cm À1 in FTIR spectrum A were respectively attributable to C-Ph and C=C, these bands generally being found in the lignin aromatic structure. 29, 30) The intensity of these absorption peaks was slightly weakened by the steam explosion, indicating that lignins had been destroyed and removed to a certain degree. Other major position changes in the characteristic FTIR bands of different groups in the untreated and pretreated reed straw samples are summarized in Table 3 .
XRD analysis
The untreated and steam explosion pretreated reed straw samples were subjected to an XRD analysis. Control  3376  2920  1735  1650  1426  1165  900  839  2  3398  2920  1735  1652  1427  1163  896  836  200  5  3345  2920  1709  1652  1428  1162  896  839  8  3343  2920  1704  1652  1428  1160  890  824  2  3348  2920  1700  1648  1427  1162  896  832  220  5  3344  2919  1696  1652  1428  1161  900 Figure 3A-K show that all samples exhibited a predominant cellulosic diffraction peak at 2 ¼ 22:0 AE 0:5 , this peak corresponding to the 002 crystallographic plane. Table 4 shows that the degree of crystallinity calculated from the XRD analysis increased from 19.1% in the untreated reed straw to 22.2%-44.2% in the samples pretreated with the steam explosion; the significant increase in hydrolysis rate for the steam explosion pretreated reed straw could be correlated with this increased degree of crystallinity. Data from the XRD analysis show how the severity of the steam explosion affected the degree of crystallinity of the reed straw, the 44.2% maximum degree of crystallinity being apparent by pretreating the reed straw at 220 C for 5 min, this being relevant to the highest yield for the reducing sugar and glucose by enzymatic hydrolysis. Steam explosion pretreatments at 220 C and 240 C resulted in the degree of crystallinity of all samples being higher than 31.4%, while the pretreatments at 200 C for 2 min and 5 min respectively resulted in degrees of crystallinity of the samples of 22.2% and 28.3%. This phenomenon was mainly due to the increase in relative amount of cellulose and the removal of a certain amount of lignin and hemicellulose, and not necessarily due to change in the crystalline structure of the biomass resulting from the steam explosion pretreatment.
31)

SEM analysis
The untreated and steam explosion pretreated reed straw samples were subjected to an SEM analysis, and the morphological changes were investigated. SEM photographs of the untreated reed straw (Fig. 4A) show that the cellulose was bunched, the surface was smooth, and the structure was compact and orderly. Similar to the effects of mechanical rupture, thermal degradation and hydrogen bond breakage, the steam explosion resulted in obvious morphological changes to the reed straw. 5, 32) SEM photographs of steam explosion pretreated reed straw are shown in Fig. 4B -K. The morphology of the pretreated reed straw became loose, soft, microporous to various degrees, and with greater exposure of the cellulose fibers, showing the effectiveness of the steam explosion pretreatment for structural change, for the infiltration and diffusion of cellulase, and for improving the reaction performance of enzymatic hydrolysis.
Conclusions
Enzymatic hydrolysis of the reed straw for 60 h achieved the maximum respective yields of reducing sugars and glucose of 36.1% and 15.4% after a steam explosion pretreatment at 220 C for 5 min. The yield from enzymatic hydrolysis was therefore substantially improved when compared to the 3.74% yield of reducing sugars and 2.26% yield of glucose from untreated reed straw. These yields from enzymatic hydrolysis are similar to those achieved for the enzymatic hydrolysis of sunflower stalks after a steam explosion pretreatment 22) and for the enzymatic digestibility of sugarcane bagasse after an alkali-peracetic acid pretreatment 33) in previous studies. FTIR, XRD and SEM analyses were performed, the results showing that the steam explosion pretreatment had such effects on the organizational structure and morphological properties of the reed straw as the removal and destruction of hemicellulose and lignin. A greatly increased degree of crystallinity of the pretreated biomass, and a more disorganized morphology were also apparent which were helpful for enhancing the susceptibility of reed straw to enzymatic hydrolysis for sugar production. The results obtained in this paper indicate reed straw with a steam explosion pretreatment to be an interesting option for ethanol production. C for 2 min; F, pretreated at 220 C for 5 min; G, pretreated at 220 C for 8 min; H, pretreated at 240 C for 2 min; I, pretreated at 240 C for 5 min; K, pretreated at 240 C for 8 min.
